Currently, post-combustion carbon capture (PCC) is the only industrial CO 2 capture technology that is already demonstrated at full commercial scale in the TMC Mongstad in Norway (300,000 tonnes per year CO 2 captured) and BD3 SaskPower in Canada (1 million tonnes per year CO 2 captured). This paper presents a comprehensive review of the most recent information available on all aspects of the PCC processes. It provides designers and operators of amine solvent-based CO 2 capture plants with an in-depth understanding of the most up-to-date fundamental chemistry and physics of the CO 2 absorption technologies using amine-based reactive solvents. Topics covered include chemical analysis, reaction kinetics, CO 2 solubility, and innovative configurations of absorption and stripping columns as well as information on technology applications. The paper also covers in detail the post build operational issues of corrosion prevention and control, solvent management, solvent stability, solvent recycling and reclaiming, intelligent monitoring and plant control including process automation. In addition, the review discusses the most up-to-date insights related to the theoretical basis of plant operation in terms of thermodynamics, transport phenomena, chemical reaction kinetics/engineering, interfacial phenomena, and materials. The insights will assist engineers, scientists, and decision makers working in academia, industry and government, to gain a better appreciation of the post combustion carbon capture technology.
1.
Introduction 
Introduction and background information
Globally, the capture of CO 2 from industrial flue gases has become a critical environmental issue. The threat of climate change from increased levels of GHGs in the atmosphere is significant. According to the International Energy Agency (2012), under current policies and mitigation strategies, worldwide energy-related CO 2 emissions will reach nearly 45 gigatonnes by 2035, which is correlated with only a 50% probability of limiting the average global temperature increase to 5.6 • C unless strong efforts are made to achieve the target of stabilizing greenhouse gas concentrations at 450 ppm CO 2 -e. Mean global temperatures are on the rise, and various regions of the world have been experiencing adverse climate issues. Therefore, the need for research development and demonstration of cost-effective CO 2 capture technologies is urgent.
There are three major process options for CO 2 capture: precombustion, post-combustion, and oxyfuel combustion. Depending on the process, various technologies for CO 2 capture can be used, including absorption, adsorption, membranes, and hybrid applications of these three. At the moment, post-combustion carbon capture (PCC) is the only industrial CO 2 capture technology being demonstrated at full commercial scale. The major examples are the TMC Mongstad in Norway (300,000 tonnes per year CO 2 captured) and BD3 SaskPower in Canada (1 million tonnes per year CO 2 captured).
A typical flow sheet of the PCC process is similar to an industrial acid gas removal system utilizing a chemical absorbent is shown in Fig. 1.1 . The raw gas, which enters the unit through an inlet separator where entrained liquid and solid particulates are removed, flows from the bottom of the absorber upwards against a counter-current stream of the lean solution. The CO 2 in the flue gas is absorbed and the treated flue gas leaves the top of the absorber. The loaded ("rich") solution flows from the bottom of the absorber and passes through the lean-rich heat exchanger where it is heated by the hot, recycled lean solution. It then enters the top of the stripper column. In some cases, a flash tank is installed upstream of the heat exchanger to desorb and some portions of the absorbed CO 2 by reducing the pressure on the rich stream.
Upon entry into the stripper, some of the absorbed CO 2 is flashed. The solution then flows downward against a countercurrent flow of water vapor generated in the reboiler. The stripping vapor removes most of the remaining CO 2 from the rich stream. The overhead mixture leaves the stripper through a condenser where most of the water vapor is condensed and returned to the stripper as reflux. The lean solution, which leaves the bottom of the stripper, exchanges heat with the rich solution in the lean-rich heat exchanger and then passes through a cooler before being pumped back to the absorber.
Over the past ten years, there have been significant new developments in post-combustion capture processes. The IEA sponsored the 2nd Post Combustion Capture Conference (PCCC2, Bergen, Norway in 2013) as well as the 12th International Conference on Greenhouse Gas Control Technologies (GHGT-12, Austin, USA in 2014) , the most recent showcases of these new developments in this R&D area. Significant portions of recent information on the subject can be found on the IEAGHG website (www.ieaghg.org). The purpose of this review paper is to provide a comprehensive scientific review of the state of the art of amine-based CO 2 separation processes from combustion flue gas streams. Topics covered include solvent chemistry, CO 2 solubility, reaction kinetics, chemical analysis, unit design, and innovative configurations of absorption and stripping columns. In addition, this paper also covers the post build operational issues of corrosion prevention and control; solvent management; solvent stability; solvent recycling and reclaiming; intelligent monitoring; plant control; process automation; and comprehensive, hands-on experience in pilot plant operation for PCC.
Section 2 mainly focuses on the solvent chemistry of CO 2 absorption using reactive solvents. First, recent studies of equilibrium solubility of CO 2 in various amine solutions are reviewed in Section 2.1. The relationship of equilibrium solubility of CO 2 and VLE through the thermodynamics framework and modeling is also analyzed. Subsequently, the reaction kinetics are comprehensively discussed, especially with respect to the experimental determination of kinetics data in Section 2.2. After that, Section 2.3 discusses how to analyze the chemical species in CO 2 -amine systems using nuclear magnetic resonance (NMR) spectroscopy, as well as the experimental determination of liquid speciation at vapor-liquid equilibrium (VLE). These three sections related to solvent chemistry are useful and important knowledge for the effective design of post-combustion CO 2 captures systems using reactive solvents.
The design, modeling and simulation of post-combustion carbon capture processes using reactive solvents are discussed in detail in Section 3. Several design techniques (i.e., empirical, theoretical, laboratory, and pilot plant methods) are reviewed. In addition, some novel process configurations of CO 2 absorption systems and their influence on performance are also discussed.
The remaining Sections 4 and 5 address post build operational issues. Section 4.1 focuses on one of the major challenges of PCC, which is the material corrosion within the CO 2 absorption system, especially in coal-fired power generation plants. It provides analysis of the electrochemical reactions that cause corrosion. The operating parameters and impurities in the system that can induce corrosion are also discussed. Corrosion prevention strategies, namely chemical corrosion inhibitors, and their inhibiting mechanisms, are provided. Section 4.2 discusses the solvent management issues related to solvent degradation. The issues related to solvent recycling and reclaiming are discussed Section 4.3. Once the solvents have been used, they can become degraded, and degradation products can then be released. Both oxidative and thermal degradation, degradation mechanisms, and inhibition techniques are given in this section. Since those degradation products negatively impact the performance of CO 2 capture, Section 4.3 presents the most effective techniques (ion-exchange, ED reclamation, thermal reclamation, and hybrid-techniques) that can be used to separate the degradation products from their parent solvents.
The post-built issues related to process monitoring and operational data analysis are detailed in Section 5. Also discussed are the application of information and artificial intelligence technologies through (i) knowledge-based expert systems for effectively monitoring and controlling CO 2 capture processes and (ii) data mining techniques for identifying and determining the significant process parameters in CO 2 capture performance.
Solvent chemistry
The past decade has seen remarkable progress in postcombustion CO 2 capture processes using reactive solvents because of their high capacities to provide near complete absorption and desorption of CO 2 and their exceptional ability to selectively absorb CO 2 from flue gas. Among various reactive solvents being studied for PCC (amines, hot potassium carbonate, chilled ammonia and ionic liquids, etc.), amines are considered to be by far the most developed. Monoethanolamine (MEA), the first-generation and undoubtedly the most well-known amine-based absorbent, is marked by its high chemical reactivity with CO 2 and low cost to produce. These merits of MEA can reduce the absorber height and ensure a large-scale and stable operation. Although MEA-based scrubbing technology is suitable for PCC from fossil-fired plants flue gas, it suffers from several issues, including high enthalpy of reaction, low absorption capacity, oxidative and thermal degradation, and corrosion (Rochelle et al., 2001a,b) . Hence, there has been a strong drive to develop other attractive absorbents to achieve high absorption/desorption performance, energy-efficient and thermal stability.
To develop a reliable and systematic design of PCC systems using reactive solvents and obtain an outstanding absorbent, understanding of the fundamental principles of solvent chemistry is of great importance. However, this is not an easy task due to the complex and complicated chemistry of the amine-CO 2 -water systems in practical applications. As a result, a selection of optimum solvents requires combined considerations of thermodynamic, kinetic and stability properties of the amine-CO 2 system (Rochelle et al., 2001a,b) , which all directly impact the performance and economics of a commercial scale operation.
In this section, we address three significant aspects related to solvents chemistry that are important when evaluating reactive solvents and selecting optimum operating conditions for PCC applications; solubility, reaction kinetics and chemical species analysis. The high CO 2 solubility of solvents provides an opportunity for a large CO 2 absorption capacity to be achieved, resulting in a reduced solvent circulation flow rate required for capturing a given amount of CO 2 . As the kinetics data of CO 2 -solvent systems could directly reflect on the sizes of absorber or desorber columns, these studies will enable designers to predict the separation performance of these columns. However, the kinetics data can vary with experimental technique, reaction mechanisms, physical properties of absorbents and the interpretation method used. Therefore, the accurate experimental determination of kinetics data is of critical importance. Finally, qualitative and quantitative determinations of speciation distribution in a CO 2 -solvent system can provide valuable information for a better understanding of the chemical reactions between CO 2 and reactive solvents. The ion speciation study can be very useful for further examination of reaction mechanism, reaction kinetics and thermodynamic behavior of CO 2 absorption.
Solubility
The knowledge of equilibrium solubility of CO 2 in a solvent as a function of temperature and pressure is critical in developing an optimal capture process. The equilibrium data facilitate the determination of delta loading (defined as the difference of solubility in the lean and rich solvent), the solvent cyclic absorption capacity and thus the determination of the required solvent circulation rate, and the size of the absorption unit to achieve a specified CO 2 removal rate. The estimation of heat of absorption as an indicator of heat requirement for regeneration can also be generated from solubility data as a function of temperature and pressure.
Solubility of CO 2 in many new systems has been reported in recent years to facilitate developing a solvent with high cyclic capacity with optimal heat of absorption that might ultimately reduce regeneration costs. Amine screening studies were performed by Chowdhury et al. (2009 Chowdhury et al. ( , 2011 Chowdhury et al. ( , 2013 , Porcheron et al. (2011a,b) , Puxty et al. (2009 ), Singh et al. (2007 , 2009 . Reviews on the solubility of CO 2 in amine solutions were published by Anufrikov et al. (2007) , Kumar et al. (2014) and Rayer et al. (2012) , and Henni et al. (2013) . Rayer et al. (2012) provided a comprehensive database of VLE data dealing with amine systems. The experimental techniques used for the measurement of solubility of CO 2 are generally classified as static analytic methods, static synthetic methods and flow methods and were recently reviewed in Anufrikov et al. (2007) and Rayer et al. (2012) . Henni et al. (2013) compared the high and low pressure CO 2 solubility of a number of aqueous amines (Fig. 2.1 ) and reached the conclusions that the increase in hindrance to the amino groups increases the loading capacity, and the general trend of amines in order of loading capacity is Primary amines < Hindered amines < Secondary amines < Tertiary amines < Diamines. The effect of temperature and addition of co-solvent was also reviewed for many systems. We present below a brief review of recent works on amine systems not mentioned in Rayer et al. (2012) . Tables 2.1 and 2.2 present the binary and mixed (ternary/quaternary) amine systems and Table 2 .3 lists the amine-based systems studied very recently. In addition, heats of absorption of CO 2 in primary and tertiary amines are measured by Arcis et al. (2014) and respectively. (Henni et al., 2013) .
2.1.1. Acyclic primary amine (MEA, etc.) based solvents Wagner et al. (2013) measured the solubility of CO 2 in aqueous MEA solution (15 and 30 wt%) using headspace chromatography and the synthetic gas solubility method, and the new data agree with data in the literature within the (wide) scattering of reported data. Voice et al. (2013) reported that the cyclic capacity of aqueous 8 M 3-(methylamino) propylamine (MAPA) was lower than that of 7 M MEA (0.42 vs. 0.79). At CO 2 partial pressure of 0.1 kPa and 40 • C, the loadings for MEA, 3-amino1-propanol (3A1P), 4-amino-1-butanol and 5A1P are 0.38, 0.41, 0.42 and 0.44, respectively, indicating slight increase in CO 2 solubility with the number of carbon atoms in the chain of the alkanolamines (Idris et al., 2015) .
2.1.2. Acyclic secondary amine (DEA, etc.) based solvents Bajpai and Mondal (2013) showed that AEEA increased the solubility of CO 2 in DEA and the (DEA + AEEA) systems have a higher CO 2 solubility than (DEA + PZ) and (DEA + MDEA) mixtures. AEEA could be a good substitute for MEA if not for its high thermal degradation at 140 • C as reported by Davis and Rochelle (2009) , or if a lower regeneration temperature was used as is the case of non-aqueous media. Yamada et al. (2013) showed that aqueous solution of two secondary amines, 2-(isopropylamino) ethanol (IPAE) and 2-(propylamino)ethanol (PAE) have superior cyclic capacity than both MEA and DEA. The delta loading between (T = 313 K, P CO 2 = 20 kPa) and (T = 393 K, P CO 2 = 100 kPa) of 30 wt% DEA, PAE and IPAE are 41.9, 51.2 and 67.8 g CO 2 /kg solvent. The moderate stability of IPAE carbamate and the alcohol chain length were influential in the resulting high cyclic loading. Zoghi and Feyzi (2013) and Najafloo et al. (2015) reported on the CO 2 solubility in the ternary solvent (H 2 O + MDEA + AEEA). The solubility of CO 2 was significantly enhanced by addition of AEEA, but the increase in CO 2 solubility was nonlinear with the proportion of AEEA in the mixed solvent. VLE data of CO 2 in aqueous 2-(diethylamino)-ethanol (DEEA) were published by Sutar et al. (2013) , Monteiro et al. (2013) , and Xu et al. (2014b) .
Tertiary amines
From a series of amine screening experiments, Chowdhury et al. (2013) identified seven tertiary amines as more suitable than MDEA. Compared to MDEA, they had higher absorption rates, slightly higher cyclic capacities and lower or comparable heats of reaction. Liang et al. (2015) showed that the CO 2 equilibrium solubility of 1-dimethylamino-2-propanol (1DMA2P) is higher than that of MEA and MDEA. At 313 K and 101 kPa CO 2 partial pressure, Tong et al. (2013a) . The rich loading (40 • C, 15 kPa) ratio for DMEA, TEDA and MDEA are reported to be 0.6 mol CO 2 /mol DMEA, 0.3 mol CO 2 /mol TEDA and 0.5 mol CO 2 /mol MDEA, respectively, indicating that DMEA might be a better solvent than TEDA.
2.1.4. Cyclic amine (piperazine, morpholine, etc.) based solvents 2. 1.4.1. 1, . The sterically hindered acyclic compound 1,8-p-menthane-diamine (MDA) has a cyclic ring with two primary NH 2 groups and is reported to have higher absorption capacity and lower heat of regeneration than MEA (Kim et al., 2011) , and that aqueous (AMP + MDA) solutions have higher absorption rates than MEA and AMP solutions . Li et al. (2014d) reported that, in the high-loading region, the solubility of CO 2 per amino group in MDA solution was higher than in MDEA, PZ and MEA, possibly due to the steric hindrance effect.
2.1.4.2. 3-Piperidinemethanol. Conway et al. (2014) reported that 3-piperidinemethanol (3-PM) was superior to MEA in both absorption capacity and cyclic capacity and the larger CO 2 capacities are attributed to the lower stability 3-PM carbamate due to steric hindrance and the formation of larger amounts of bicarbonate compared to MEA. The cyclic capacities (difference in loading between 40 and 80 • C at 15 kPa partial pressure) of 3-PM and MEA are 0.21 and 0.11 mol CO 2 /mol amine, respectively. (Fig. 2.3 ). Lin and Wong (2014) reported the combination PZ/DETA/MeOH/H 2 O to have good cyclic efficiency at 80 and 120 • C.
Thermodynamic models and process simulation
The development of models capable of predicting the complex behavior of the absorption/desorption process under wider thermodynamic conditions and for different binary/ternary solvents remains a challenge. Rayer et al. (2012) gave an overview of rigorous thermodynamic models with recent applications. Kumar et al. (2014) listed about 36 studies with their modeling approach. Recently, Boot-Handford et al. (2014) briefly discussed the thermodynamic models with recent applications. The models used to correlate or predict the VLE of CO 2 /aqueous alkanolamine solutions fall into the following three categories (Téllez-Arredondo and Medeiros, 2013) (i) Non-rigorous models: These empirical models are based on equilibrium constants of chemical reactions and do not consider solvent non-ideality through activity coefficient. The Kent-Eisenberg is one of the earliest models and it is still used today in modified forms (e.g., Chang et al., 2013; Hsu et al., 2014; Li et al., 2014a,b; Oktavian et al., 2014) . (ii) Rigorous excess Gibbs energy model (gamma-phi models): eNRTL is a widely used thermodynamic model (Zhang and Chen, 2011; Matin et al., 2013; Haghtalab et al., 2014; Li et al., 2014a,b; Xu et al., 2014b) . Wagner et al. (2013) (Pahlavanzadeh and Fakouri Baygi, 2013) , electrolyte EOS (Diab et al., 2013) , SAFT-VR (Rodriguez et al., 2012) , CPA (Zoghi and Feyzi, 2013) , PR-TS (Haghtalab and Shojaeian, 2015) , electrolyte SAFT-HR EoS (Najafloo et al., 2015) , eCTS EoS (Téllez-Arredondo and Medeiros, 2013). Diab et al. (2013) incorporated experimental speciation data in the electrolyte EoS model and consequently, the model was able to represent liquid phase speciation and CO 2 partial pressure in a satisfactory manner.
Rigorous thermodynamic models such as eNRTL are available in commercial process simulators such as ASPEN-PLUS to simulate CO 2 absorption by amines. Kent-Eisenberg and Li-Mather equilibrium models are also available on Aspen HYSYS, and eNRTL in ASPEN PLUS (Oi, 2012) . The CO 2 capture process is a very energy intensive process and process simulation is most important in the economic analysis of a process to identify the major sources of energy cost. Raynal et al. (2011a,b) attempted to show the roadmap of lowering the cost of post-combustion CO 2 capture. Using the ASPEN-PLUS simulation software, they showed that for a 30% aqueous MEA process, most of the operating cost was associated with the stripper operation. Previously, Abu-Zahra et al. (2007) presented an economic baseline for post-combustion CO 2 capture, and showed that a higher MEA concentration would require less energy.
As reviewed above, we can conclude that (i) no single experimental technique exists to generate reliable data at wide temperature and pressure conditions necessary to develop a sound thermodynamic model, (ii) CO 2 solubility increased with the number of carbon atoms in the chain of linear alkanolamines, (iii) the performance of a thermodynamic model can be improved by incorporating liquid speciation data, (iv) addition of AEEA enhanced the solubility of CO 2 in aqueous DEA and MDEA solutions, (v) IPAE and PAE were found to have better cyclic capacity than both MEA and DEA, (vi) (DIPA + AMP + PZ) blend was found to be suitable for removal of CO 2 in the presence of H 2 S, (vii) CO 2 solubility in MDA was higher than that in MDEA, PZ and MEA. 3-PM also had a higher cyclic capacity than MEA, (viii) piperazine has received increased attention in recent years and the blend 5 M MDEA + 5 M PZ was found to have better cyclic capacity than many other PZ blends, (ix) CO 2 solubility in 1 DMA2P was higher than in DEA and MDEA, (x) PZ was shown to increase CO 2 solubility in aqueous Ionic Liquid (IL) solvents, and (xi) the presence of IL instead of water had a negative effect on absorption capacity.
Reaction kinetics
2.2.1. Experimental determination of the CO 2 absorption rate For amine-based CO 2 capture technology, reaction kinetics, which indicates how fast CO 2 reacts with amine is one of the most important parameters for design and simulation of an absorption column. It greatly affects the mass transfer performance as well as plant design. The reaction kinetics of CO 2 absorption into amine solutions have been studied for several decades. Various gas-liquid contactors have been used for measuring the CO 2 absorption rate and obtaining reaction kinetic data. Examples of these equipment types, their advantages and disadvantages, are shown in Table 2 .4. The absorption rate data obtained can then be interpreted for estimations of rate constants using a simplified kinetics model based on reaction mechanisms (i.e., zwitterion, termolecular, or basecatalyzed hydration mechanisms) or a comprehensive numerically solved reaction kinetics model that takes into account the coupling between chemical equilibrium, mass transfer, and chemical kinetics of all possible reactions. Aboudheir et al. (2003) summarized the value of kinetics parameters in terms of reaction rate constants for MEA obtained from different gas-liquid contactors at various concentrations (0.05-4.8 M) and temperatures (295-353 K). They pointed out that the use of different measurement methods provides different values of the reaction rate constant, even when the experiments were operated under similar MEA concentration and temperature. This would be because of the difference in physics and chemistry associated with the absorption process in the contactors. However, among the experimental gas-liquid contactors, wetted wall columns and laminar jet absorbers have been found to be the ones most used in the literature. This is because (i) their absorption surface area can be measured directly (for a laminar jet absorber, the surface area can be varied) (Astarita et al., 1983; Bishnoi and Rochelle, 2002) and (ii) the physical diffusivity of CO 2 into the absorbent can be accurately determined (Astarita et al., 1983; Bishnoi and Rochelle, 2002; Saha et al., 1995) . In addition, the laminar jet absorber is suggested for fast absorption processes because Lab-scale gas-liquid contactors and their advantages and disadvantages for CO2 absorption kinetic measurement .
Equipment
Advantages Disadvantages
Stirred-cell reactor -Only gas phase measurement is required -Suitable for toxic gases -Difficult to maintain the smooth and consistent gas-liquid interface
Wetted wall column -Operating in a counter current mode that is close to real systems -Possibility of creating ripples in the liquid film -Occurring of the inactive film at the bottom of column Laminar jet absorber -Gas-liquid interface can be measured directly from a microscope -Suitable for very reactive liquid solvent -Possibility of creating (i) turbulent liquid surface, (ii) a reduction in the liquid jet caused by gravity, and (iii) stagnant surface and ripples at the bottom of liquid jet Wetted-sphere -Laminar liquid surface can be generated and controlled easier than that of the laminar jet absorber.
-Surface area cannot be varied.
-Possibility of creating ripples in the liquid film and inactive film at the column bottom String-of-disk contactor -Operating in a counter current mode that is close to real systems -Surface area can be varied by number of discs -Absorption rate at specific concentrations of liquids and/or gas cannot be achieved due to changes of CO2 and reactive liquid along the length of the string Stop flow apparatus -No effect of gas phase resistance -A small amount of solvent is required -Easy operation -Can be used for only low amine concentrations of its short contact time (Astarita et al., 1983; Bishnoi and Rochelle, 2002) . For toxic solvents, a stirred cell reactor is recommended since it is a closed system (Astarita et al., 1983; Pani et al., 1997) . Lastly, for novel solvent screening, a stopped-flow apparatus is suggested. This is because (i) a very small quantity of solvent is required and (ii) the experimental procedure is simple (Alper, 1990; Pani et al., 1997) . However, the limitation is that only very low solvent concentrations can be applied. This is because only at low concentrations, the conductance of an ion compound formed from the reaction is a linear function with its concentration and a first order-kinetic equation. Accordingly, an exponential equation can be applied (Kierzhkowska-Pawlak et al., 2012).
Reaction rate/kinetics model
After measuring the CO 2 absorption rate using the experimental gas-liquid contactors, interpretation of the experimental kinetics data is required for determining the second order reaction rate constant. Recently, a simplified model based on reaction mechanism and a numerically solved comprehensive model has been generally applied and widely accepted to be used for investigating the reaction kinetics of CO 2 absorption.
2.2.2.1. Simplified model based on reaction mechanism. In this approach, the reaction rate/kinetics data obtained from the gas-liquid contactor are interpreted based on the proposed mechanism between CO 2 and amine (i.e., zwitterion, termolecular, and base catalyzed hydration mechanisms). In addition, the single and blended amines solutions are also treated differently.
Firstly, the overall rate of CO 2 absorption (r ov ) is defined as:
where [CO 2 ] is the CO 2 concentration in liquid phase and k ov is the experimental overall reaction constant. For fast pseudo first order absorption reactions, the specific CO 2 absorption rate N CO 2 can be expressed as:
is the interfacial concentration of CO 2 , D CO 2 , P CO 2 and He are diffusivity and partial pressure of CO 2 and the Henry constant, respectively. From Eq. (2.2), the k ov can be obtained from the measurement of CO 2 absorption rate from the gas-liquid contactors mentioned in the above section using the following equation :
In addition to the CO 2 -amine reaction in aqueous amine solution, there are two other reactions related to hydration of CO 2 and bicarbonate from CO 2 . The hydration reaction has been found to be very slow compared with other reactions and can be neglected (Blauwhoff et al., 1984) . However, the formation of bicarbonate from CO 2 and OH − is faster than that of the hydration reaction and should be included for determination of overall reaction rate.
2.2.2.1.1. Primary and secondary amines. For the primary and secondary amines (e.g., MEA and DEA), the overall reaction rate for CO 2 absorption based on the zwitterion mechanism (Danckwerts, , 1979 can be written as:
The apparent rate constant (k app ) then can be defined as:
Therefore, k app for aqueous primary or secondary amine solution can be written as:
is a second order reaction rate constant of primary or secondary amines based on the zwitterion mechanism. k z R 1 R 2 NH , k OH − , and k H 2 O are reaction rate constants for deprotonation of the zwitterion intermediate by R 1 R 2 NH, OH − , and H 2 O, respectively.
The experimental values of k app at a specific temperature are now correlated with the zwitterion mechanism in order to obtain individual rate constants of k z 2,R 1 R 2 NH , k OH − , and k H 2 O 2.2.2.1.2. Tertiary amine. Tertiary amine (e.g., TEA and MDEA) does not react with CO 2 directly, but it acts as a base that catalyzes the hydration of CO 2 (base catalyzed hydration mechanism, Donaldson and Nguyen, 1980) . The apparent rate constant for tertiary amine based on the base catalyzed hydration mechanism can be expressed as in Yu et al. (1985) :
The kinetics of CO 2 absorption into aqueous solution of tertiary amine (e.g., TEA and MDEA) have been studied by Benitez-Garcia et al. (1990) , Haimour et al. (1987) , and Yu et al. (1985) . They have found that the reaction order with respect to the tertiary amine concentration is 1, which is in good agreement with the base catalyzed hydration mechanism.
2.2.2.2. Numerically solved comprehensive model. One of the very first numerically solved comprehensive reaction rate/kinetics models, which takes into account the coupling between chemical equilibrium, mass transfer, and chemical kinetics of all possible chemical reactions, was developed by Hagewiesche et al. (1995) . The developed model for blended MDEA-MEA is governed by a system of partial differential-nonlinear algebraic equations based on the mass transport equation, as shown in Eqs. (2.8) and (2.9) (Astarita et al., 1983) . The mass balance of all chemical species in a mass transfer film, including CO 2 , amine and their products were taken into consideration. The set of these partial differentialnonlinear equations will be solved simultaneously to account for the effects of chemical reactions and diffusivities on the concentration of each species. Their developed reaction rate/kinetics model is capable of predicting the CO 2 absorption rate, the enhancement factor, and the rate coefficient of reaction between CO 2 and MEA. Later, the numerically solved comprehensive reaction rate/kinetics models were applied for unloaded DEA, MDEA (Rinker et al., 2000; Rinker et al., 1996) and concentrated highly loaded MEA (Aboudheir et al., 2003) .
Recently, the comprehensive reaction rate/kinetics model has been extended to other promising amine systems such as blended MEA-MDEA and blended MDEA-PZ by Edali et al. (2009) and Idem et al. (2009a) . In their studies, the partial differential-nonlinear algebraic equations have been solved using two numerical techniques: the finite difference method (FDM) based on the Barakat-Clark scheme and the finite element method (FEM) based on COMSOL software in both 1D modeling in which only mass transfer of all species in the film thickness direction is considered and 2D modeling in which the mass transfer in the film length direction are included. They have found that both FDM and FEM produce very accurate predictions of CO 2 absorption rate results. Also, no significant difference between the results obtained from FDM and FEM were observed. Therefore, they suggested that the FEM based on COMSOL software could be used for the numerical solution of the partial differential-algebraic equations because coding the program of the numerical scheme can be eliminated.
Kinetics behavior
The second order CO 2 absorption rate constants (k 2 ) for conventional amines and some novel amines obtained from the simplified kinetics modeling, and comprehensive numerically solved kinetics modeling are summarized in Table 2 .5. It can be seen that reaction rate constants extracted from the simplified kinetics model are comparable with those extracted from the comprehensive numerically solved kinetics model. However, the comprehensive numerically solved kinetics model seems to be the most comprehensive and accurate model among the three because it takes into account the coupling between chemical equilibrium, mass transfer, and chemical kinetics of all possible chemical reactions. Moreover, the recently developed comprehensive numerically solved kinetics models have been expanded to (i) 1D and 2D modeling and (ii) various operating temperatures, amine concentrations, gas-liquid contact times, and CO 2 loadings (Edali et al., 2009; Herron and Green, 2001 ; Schijven andŠimůnek, 2002).
NMR analysis for ion speciation studies
NMR spectroscopy is an indispensable methodology in analytical chemistry. The functional groups, the carbon backbones, and C-C double and triple bonds can be detected directly, mostly with liquid phase 1 H and 13 C spectra. NMR can test the ion species in the complicated amine-CO 2 -H 2 O systems quantitatively to develop VLE models.
The equilibrium of CO 2 absorption into water soluble amines, exhibits both vapor-liquid equilibrium and chemical equilibrium (Liu et al., 1999) . The ion speciation with the exact concentrations of cations, free molecules, and anions in the solvent under different CO 2 loadings are of research interest. Ion speciation plots can provide an important database for CO 2 absorption (20-40 • C) (Fan et al., 2009; Holmes et al., 1998; Jakobsen et al., 2005) and regeneration (90 • C) (Shi et al., 2014a) . It can be detected experimentally with NMR spectroscopy combined with other equilibrium methods. Given a certain CO 2 loading and temperature, the major ion concentrations can be obtained from the speciation plots immediately, similar to on-line tests.
Reaction schemes: CO 2 -amine interactions
CO 2 -amine reaction schemes are within the solvent chemistry. After the amine-CO 2 -H 2 O systems reach VLE and chemical equilibrium, the amine solutions contain multiple cations (AmH + ), free molecules (Am), and anions (carbamate, HCO 3 − , CO 3 2− ), simultaneously. These "ternary" systems contain 8-9 ionic or neutral species. Their concentrations are constrained by reaction equilibrium and mass balance.
MEA: Overall reaction:
MDEA: Overall reaction:
NMR analysis of amine-CO 2 -H 2 O systems
The ion concentrations can be tested with NMR quantitative analysis. The foundation was to establish a direct relationship between the chemical shift ı (ppm) and concentration C (mol/L) of ions. (2013) Ea means activation energy (kJ/mol).
Most researchers have applied a pH meter with NMR technology to detect the ion speciation of amine-CO 2 -H 2 O systems (Holmes et al., 1998; Jakobsen et al., 2005) . The pH measurement is used to determine the amount of two species appearing as a common peak, such as amine/amine H+ or bicarbonate and carbonate. The pH meter tests the concentration of [H + ] in order to detect the free amine (Am) and protonated amines (AmH + ) with deprotonation constant K while the NMR instrument tests the carbamate, bicarbonate, and carbonate. NMR is effective in ion concentration testing due to several advantages: the specific ions possess their own chemical shifts both in 1 H and 13 C NMR spectra (Fan et al., 2009; Holmes et al., 1998; Jakobsen et al., 2005) . Holmes et al. (1998) performed NMR analysis of NH 3 -CO 2 -H 2 O systems with both 1 H and 13 C spectra. They developed several useful equations (Eqs. (2.23)-(2.26)) for calculation of carbamate and bicarbonate/carbonate. The 13 C NMR of HCO 3 − /CO 3 2− is one peak because of the fast proton exchange.
[
Eq. (2.23) demonstrates that the area ratios of two 13 C peaks, NH 2 -COO − and HCO 3 − /CO 3 2− , which represent the exact amount of these two species, under a specific code (NMR manual) with AAD (Absolute Average Deviation) of 7.5% (Holmes et al., 1998 (Holmes et al., 1998) 
Ion speciation plots development under VLE models
VLE models of MEA-CO 2 -H 2 O have been studied since the 1980s. The equilibria are very sensitive to temperature because the reaction constants K shift with temperature (Jakobsen et al., 2005) . Under constant temperature, the concentration of anions did not change at certain CO 2 loading. Austgen et al. (1989) simulated the VLE computationally and plotted the simulated speciation plot with electrolyte-NonRandom-Two-Liquid (e-NRTL) equations. Later on, Liu et al. (1999) applied the same method to a MEA-CO 2 -H 2 O system with extra chemical equilibrium constants, Henry's constant, experimental data, and data regressions to fit the simulation data with the experiments. Fig. 2 .4 is a simulated ion speciation plot of a MEA-CO 2 -H 2 O system under absorption and desorption conditions (Liu et al., 1999) , but the regeneration plot was inaccurate because water vaporized at 120 • C.
Major NMR analyses from peer researchers
A recent review (Shi et al., 2012a) indicated several groups performed NMR analyses of the VLE model with different amine-CO 2 -H 2 O systems (Fan et al., 2009; Holmes et al., 1998; Jakobsen et al., 2005) . Based on the conventional pH + NMR methods, NMR analysis was successful in combination with other equilibrium measurements, such as pH meters and K constant (Böttinger et al., 2008a,b; Fan et al., 2009; Holmes et al., 1998; Jakobsen et al., 2005) . As the acidity increased upon CO 2 loading, there are increased amounts of MEAH + , and the MEA/MEAH + peaks were shifted downfield (ı increase), whereas the carbamate peaks were shifted upfield in the 1 H NMR spectra. For the same reason, 13 C NMR peaks of MEA/MEAH + were shifted upfield (ı decrease), but the carbamate peaks remained unchanged. Most works focused on ternary systems of amine-CO 2 -H 2 O. The individual ionic concentrations had not been evaluated with NMR spectra independently before 2005 (Jakobsen et al., 2005) .
NMR analyses at CETI (Clean Energy Technology Institute)
The main achievements within the University of Regina were in three aspects: (1) calibration method, and (3) ion speciation plots for blended amine systems at higher temperature. 2.3.5.2. Novel amine synthesis and NMR identification. Syntheses of novel amines have been a major focus. One of the most promising novel amines developed as a tertiary amine similar to MDEA is DEAB (4-diethylamino-2-butanol). Meanwhile, 13 C NMR was applied to identify the molecular structure of DEAB in Fig. 2.6 . The molecule contains 8 carbon atoms but Exhibits 6 13 C peaks because of structural symmetry (Shi et al., 2012a,b) .
2.3.5.3. NMR analyses of DEAB-CO 2 -H 2 O with conventional and novel calibration methods. NMR analysis of the DEAB-CO 2 -H 2 O system was performed by Shi et al. (2012a,b) . CO 2 -DEAB-H 2 O solutions were tested at different CO 2 loadings from 0.0 to 0.8 at 24.5 • C and at different DEAB concentrations from 0.5 to 2.0 mol/L with the VLE plot in Fig. 2 .7.
Two NMR analysis methods were applied. The conventional pH meter + 13 C NMR spectra were applied first. DEAB has been recently synthesized with no data from literature available on the deprotonation constant K; therefore a simplified pH test was applied to detect the K value at 24.5 • C (Shi et al., 2012b) .
The second method, a NMR calibration methodology, was developed by Shi et al. (2012b Shi et al. ( , 2014b . Not only DEAB, the 13 C chemical shifts of MEA, DEA, MDEA all shifted with protonation, either (Shi et al., 2012a upfield or downfield (Jakobsen et al., 2005) . Seven samples were prepared of pure DEAB (0% protonation) and protonated DEAB at different ratios of AmH + /C Am0 at 20%, 40%, 60%, 80%, 100%, and 120% (verified full protonation) respectively. 13 C NMR analyses of these samples are given in Table 2 .6 (Shi et al., 2012b) . The shielded region (C 1 , C 3 , C 6 ) was selected as a calibration set with curves drawn (Fig. 2.6 ). Three correlations were established between the chemical shifts of AmH + /Am mixtures and their exact protonation ratios. Therefore, the concentrations of protonated amine (AmH + ) and free amine (Am) were generated independently, with no need of a pH meter or K constant. Direct accuracy deviation tests were completed to compare both methods. The AAD% of pH + NMR was 3.1%, providing adequate accuracy; but the result of our novel calibration method was 1.9%, showing it to be more accurate (Shi et al., 2014b) . Recently, the ion speciation tests of quaternary systems were generated with high accuracy along with NMR calibration techniques (Shi et al., 2014b) . Both methods (conventional and calibration) were performed on blended amine MEA-DEAB-CO 2 -H 2 O systems at 24 • C from 5 M/0.5 M to 5 M/1.5 M and loadings from 0 to 0.52 (Shi et al., 2014b) . Later, the calibration method was performed on MEA-DEAB-CO 2 -H 2 O (5 M/1.25 M) at higher temperatures, from 40 to 70 • C (Fig. 2.8 ). These exhibited advantages over pH + NMR techniques, since NMR could be performed to 70 • C, but a pH meter cannot reasonably test samples above 40-45 • C. Moreover, the quaternary systems at higher temperatures (40-70 • C) can develop VLE plot of 90 • C with extrapolation (Shi et al., 2014b) . Amino acid salts are a class of chemical absorbents for CO 2 capture normally referred to as aqueous alkaline salts of amino acids which contain two important functional groups, namely amine (-NH 2 ) and carboxylic acid (-COOH). However, Taurine that contains a sulfonic acid group instead of the carboxylic acid can also be considered as an amino acid (Lerche, 2012) and is one of the popular amino acids that have been tested for CO 2 capture.
Potassium (K) and sodium (Na) are normally used as a counter ion with amino acids to form salts. However, it was reported that using K provides a higher reactivity toward CO 2 than using Na (Majchrowicz et al., 2014) . Amino acid salts have drawn a lot of attention from researchers in the field of CO 2 capture due to their many advantages. Their volatilities are very low because of their salt nature, resulting in low solvent losses during the regeneration process, and since they already exist in nature, the use of amino acid salts is expected to be more environmentally friendly than using alkanolamine solvents (Aronu et al., 2010) . In addition, they have a very good resistance to oxidative degradation making them a suitable choice for treating flue gases that contain large amounts of oxygen (Kumar et al., 2003b) . However, amino acid salts have their own drawback. They will precipitate at high concentrations or high CO 2 loading, resulting in a lower mass transfer rate and a possibility of damaging the process equipment (Kumar et al., 2003a) .
The amino acid salts for CO 2 absorption have been extensively studied by research groups from the University of Twente. The crystallization of products between CO 2 and amino acid salts was investigated by Kumar et al. (2003a) . They mentioned that the solid particles formed by the crystallization could cause problems such as fouling and plugging in process equipment and lowering the volumetric mass transfer coefficient, but it also offers an opportunity to enhance the equilibrium conversions between CO 2 and amino acid salts in the liquid phase by removing those solid products. Their study also showed that the crystallized solid product found was in the form of protonated amine. In another work by Kumar et al. (2003b) , the CO 2 solubility was studied in a region where the crystallization occurred and they showed that the crystallization can increase CO 2 absorption capacity of the potassium taurate solvents. A new process concept for CO 2 capture based on the precipitation of the amino acid zwitterion species during the absorption of CO 2 was proposed by Sanchez Fernandez et al. (2013) . Unlike the convectional CO 2 capture process, a separator was added after the absorption column to separate the crystallized products from the desorber and recycle a part of the used solvent back to the absorber. Simulation results showed that the specific reboiler energy of this process is 2.4 GJ/tCO 2 , 35% lower when compared to the MEA baseline. In addition, the research from the University of Twente also included the study of diffusion coefficients in amino acid salt systems (Hamborg et al., 2008) and determinations of physiochemical properties (N 2 O solubility, viscosity and density) (Holst et al., 2008) in potassium salt of amino acid salts.
Due to the high surface tensions of amino acid salts, they have been claimed as a suitable absorbent to be used in membrane gas absorption processes (MGA) that use the membrane as phase barrier for the mass transfer between gas and liquid phases. When using amino acid salts, MGA can operate in the non-wetted mode in which all membrane pores are filled with the gas and the overall mass transfer resistance is much lower than those of the partially wetted and wetted modes that could be found when using amine absorbents due to their low surface tensions. The performance of potassium salt of taurine in MGA was investigated by Kumar et al. (2002) . The breakthrough pressures calculated from the Laplace-Young equation indicated that the amino acid salts were difficult to wet the membranes. The long-term performance tests of mixed absorbents between MEA and sodium glycinate were performed by Rongwong et al. (2009) . The applicability of 16 common amino acids to be used in MGA process was investigated by Song et al. (2012) . The results showed that among all the amino acid salts, salts of serine gave the highest surface tension values and the lowest pore wettability.
2.4.1.1. Kinetic and solubility studies of CO 2 in amino acid salts. Due to the advantages of using amino acid salts mentioned above, various amino acid salts have been tested for the CO 2 capture process. Amino acid salts react with CO 2 via the zwitterions mechanism since a strong base is added in the preparation of amino acid salts resulting in the amino acid having an amine group (-NH 2 ) similar to a primary amine (Lerche, 2012) . The kinetic data available in the literature for the reaction between CO 2 and amino acid salts was Majchrowicz and Brilman (2012) well summarized in Sodiq et al. (2014) and Table 2 .7 shows some recent works on the CO 2 solubility of amino acid salts.
Phase-change solvents
Phase change solvents such as the Alstom chilled ammonia (CAP) process (Kozak et al., 2009) , the DMX process (Raynal et al., 2011a,b) and thermomorphic biphasic solvent (TBS) systems (Agar et al., 2008) , constitute a new set of reactive solvents and have shown their prominent advantages for CO 2 capture. These solvents form two immiscible phases upon CO 2 loading, either precipitate/liquid phases or two liquid phases. The concept of using phase change solvents is to recycle the CO 2 -lean phase (liquid phase) back to the absorber without regeneration while only the CO 2 -rich phase (either precipitate or liquid phase) is transported back to the stripper. In this way, the CO 2 -lean liquid phase maintains a large driving force for CO 2 absorption to absorb more CO 2 while the CO 2 -rich phase with its lower circulation rate and richer CO 2 loading can achieve lower consumption of sensible heat and vaporization heat for regeneration. The end result is higher efficiency for both CO 2 absorption and desorption.
A blend of 5 M 2-(diethylamino) ethanol (DEEA) and 2 M 3-(methylamino) propylamine (MAPA), an example of phase change solvents, has been tested in both bench and pilot plant scales. Studies have found that the 5 M DEEA/2 M MAPA possesses a reasonably fast absorption rate and easy stripping of CO 2 (Arshad et al., 2013; Pinto et al., 2014a) . It enables CO 2 stripping at either elevated pressure or lower temperature compared with traditional 30 wt% MEA, resulting in reduced energy consumption for regeneration. Moreover, neither high viscosity nor foaming issues were observed in the pilot plant test (Pinto et al., 2014b) . Clearly, phase change solvents represent significant potential for CO 2 capture, however, more experimental data are required to confirm their potential.
Ionic liquids
Ionic liquids are non-volatile liquids (salts), composed of a cation and an anion and are usually liquid at room temperature. Ionic liquids are called designer solvents as numerous combination of cation and anion are possible. It was shown that CO 2 is remarkably soluble in these solvents, which spurred interest in these solvents. Much research was done in the last fifteen years to develop competitive solvents based on ionic liquids. Conventional ionic liquids absorb CO 2 through physical absorption, and were found not competitive with conventional amines due to lower capacity and high viscosity. Later, task-specific ionic liquids were designed to enhance absorption capacity by chemical absorption incorporating a reactive functional group in the cation or the anion (Bates et al., 2002) . However, the conventional aqueous amine system remained preferred overall due to lower cost, higher capacity, and low viscosity (Yusoff et al., 2013) .
The mixture of amines and ionic liquid has recently attracted the attention of many researchers to produce potential solvent (Haghtalab and Shojaeian, 2015) . The addition of piperazine (PZ) was shown to greatly enhance the solubility, and to reduce the viscosity of IL, 1-ethyl-3-methyl-imidazolium acetate ([Emim] [Ac]) (Li et al., 2014e) . High absorption capacity was observed in aqueous blended system of (4 M MDEA and 1 M guanidinium trifluoromethanesulfonate [gua] [OTf] . For example, at 800 kPa partial pressure and at 303.15 K, the solubility of CO 2 was found to be at 0.667 mol CO 2 /mole absorbent (Sairi et al., 2011 (Sairi et al., , 2015 .
From the perspective of amine-based solvent, mixture of ionic liquids and amine as a solvent has the potential of less energy intensive regeneration process as the heat capacity of IL is typically one third that of water, but has the disadvantage of making the solvent more viscous than the aqueous amine. For example, two low viscosity ionic liquids (ILs), 1
-(2-hydroxyethyl)-3-methyl-imidazolium dicyanamide ([C 2 OHmim][DCA]) and 1-butyl-3-methylimidazolium ([Bmim]
[DCA]) were mixed at a concentration range from 10 to 50 wt% with aqueous MEA and the solubility of CO 2 in the mixed solvent was measured over a range of CO 2 partial pressure of 10-800 kPa and at 313.15 K and 333.15 K (Xu et al., 2014a) . They found a negative effect on solubility of the addition of IL, probably due to a salting out effect. However, if the IL is present at low concentration, the negative effect on solubility is less pronounced, and the addition of IL may be advantageous from the greater benefit of decreased regeneration cost. The solubility of CO 2 in mixture of [bmim] [Ac] with MDEA, DEA, DIPA, AMP were also measured (Shojaeian and Haghtalab, 2013) . Replacing the aqueous portion of the MDEA solution by [bmim] [acetate] enhances CO 2 loading and reduces the enthalpy of solution of CO 2 significantly (Haghtalab and Shojaeian, 2015) . The solubility data were correlated using a new equation of state, the PR-TS EoS, based on the Peng-Robinson (PR) EoS and the Two-State Association Model (TSAM) for association energy contribution.
3. Design, modeling, and simulation of post combustion CO 2 capture systems using reactive solvents
Determination of column height for CO 2 absorber
One of the most important steps for designing of a postcombustion CO 2 capture process is to determine the height of the absorber column required for a given CO 2 capture operation. There are several methods to design absorber height as given in Fig. 3 .1 (Tontiwachwuthikul, 1991; Tontiwachwuthikul et al., 1989 Tontiwachwuthikul et al., , 1994 , including the empirical method in route A, theoretical method in route B, laboratory method in route C, and pilot plant method on route D. All these methods start by defining independent parameters (e.g., flow rate of gas and liquid phases, flue gas composition, gas-liquid contacting system, etc.) and obtaining physical properties data to determine the superficial velocities of gas and liquid phases. These will then be used for estimation of an absorption rate or a mass transfer coefficient that directly relates to the column height. Modified from Tontiwachwuthikul et al. (1989 , 1994 ), Tontiwachwuthikul (1991 , Tontiwachwuthikul and Idem (2013) .
Empirical design method (route A)
In this method, the column height is calculated from the average overall volumetric mass transfer coefficient, (K G a v ) ave as in the following equation
where a v , G I , K G , P, y A,G , and y * A denote interfacial area per unit volume of packing (m 2 /m 3 ), inert gas molar flow rate (kmol/m 2 s), overall gas mass transfer coefficient (kmol/m 2 s kPa), total pressure (kPa), and mole fraction of component A in gas bulk, and in equilibrium with liquid bulk, respectively. G I /(K G a v P) represents the height of a transfer unit (HTU), while
] represents the number of transfer units (NTU). The (K G a v ) ave can be obtained from experimental measurement at the bottom and top of the absorber which can be given as
where (y A,G − y * A ) lm is the log-mean driving force. The volumetric mass transfer coefficient is assumed to be constant along the column height and is basically correlated as a function of the operating parameters such as flow rates, pressure and temperature. However, when it comes to mass transfer involved chemical reaction, this empirical method becomes unreliable since HTU changes significantly along the column height, unless a clear understanding of the relationship of HTU with the operating conditions is obtained and subsequently implementing equations calculation in simulation program (Mores et al., 2012) .
Theoretical design method (route B)
The theoretical design for absorption with chemical reaction was first proposed by Astarita (1967) and Danckwerts and Lannus (1970) . Their efforts were primarily directed toward developing expressions for the local mass transfer coefficients. A rigorous design procedure for adiabatic gas absorption with chemical reaction was subsequently described by Pandya (1983) . Pandya's procedure accounted for the heats of absorption and reaction, solvent evaporation and condensation, chemical reactions in the liquid phase, and heat and mass transfer resistances in both phases.
A mathematical model based on Pandya's algorithm is used to illustrate the theoretical design approach presented as follows:
Overall differential material balance:
Mass transfer for component A:
Heat balance for liquid phase:
Heat balance for gas phase:
, T and Y respectively denote stoichiometry, heat capacity of solution (kJ/m 3 K), heat capacity of component j in the gas (kJ/kmol K), heat transfer coefficient (kJ/m 2 s K), Henry's constant (kPa m 3 /kmol), heat of absorption and reaction (kJ/kmol), heat of vaporization of solvent S (kJ/kmol), enhancement factor, gas mass transfer coefficient (kmol/m 2 s kPa), physical liquid mass transfer coefficient (m/s), temperature (K) and mole ratio; the five components presented in subscript comprise an inert carrier gas (I), an acid gas (A) (i.e., CO 2 ), a reactant (B) in the liquid and a reaction product (C).
To determine the packing height for a given absorption duty, the above equations must be solved concurrently. A two-point boundary value problem in which the conditions of the lean absorbent and raw feed gas are known and those of the off gas and rich solution are partially specified is solved using numerical methods. Before the model equations can be evaluated, physico-chemical data such as solubility, diffusivity, and rate constants are required. They may be obtained from experimental measurements or correlations. However, considerable discrepancies between reported data from different sources must be taken into account as they can strongly affect the results.
Today, a number of software programs can be successfully used to simulate the CO 2 capture processes with reactive solvents and to compliment laboratory and pilot plant tests. The examples of these software are Aspen Plus, Aspen HYSYS, ProMax, CHEMASIM, ProTreat and CO2SIM (Freguia and Rochelle, 2003; Mangalapally et al., 2009; Weiland et al., 2009; Amrollahi et al., 2011; Tobiesen et al., 2012; Gao et al., 2014; Øi et al., 2014) .
Laboratory method (route C)
In this method, the rate of absorption per unit interfacial volume or mass transfer rate (R v , kmol/m 3 s) is assumed on the basis of the absorber hydrodynamics and the concentrations of reactants in gas and liquid phases. It can be obtained experimentally by varying the bulk gas and liquid compositions in a stirrer cell and there is no need to calculate physico-chemical data parameters, such as reaction rate, solubility and diffusivity. The absorber height then can be determined by
It is noted that such a model can be used when the reaction rate is fast enough to take place only in the liquid film and there is no reaction occurring in the bulk of the liquid. Alper and Danckwerts (1976) developed a new model, the so-called complete model. This model was developed from string-of-sphere column. The absorber height determined using this model can be calculated by:
where subscript m respectively represents the model column.
Pilot plant technique method (route D)
This method was proposed by Tontiwachwuthikul (1991) and Tontiwachwuthikul et al. (1989 Tontiwachwuthikul et al. ( , 1994 . The method is intended to scale up a pilot plant or bench-scale plant to an industrial scale plant. However, such a method needs to assume that hydrodynamic characteristics of the pilot plant or bench-scale plant are the same as those of the industrial scale plant. R v can be determined by assuming it is a function of the fluid concentration as follows
R v can also be obtained from the absorption rate from the liquid composition profile as follows:
The absorber height can then be calculated by Eq. (3.7). This method does not require the hydrodynamic and physico-chemical parameters. Another advantage of this method is that it is applicable to all cases regardless of whether the rate of absorption is obtained by the reaction in the liquid film or in the bulk of the liquid or both, and no matter how fast or slow the reaction rate is.
Developed process configurations for post combustion CO 2 capture
Optimization of the process configuration by using process simulators, such as Aspen plus, Aspen HYSYS and ProMax for post-combustion CO 2 capture is undoubtedly one of the most promising ways to reduce energy consumption. Over the past decades, many emerging process configurations have been developed to reduce the energy consumption and capital cost for CO 2 capture. The absorber coupled with an intercooler (i.e., intercooling) can lower absorption temperature and enhance absorption capacity due to a new thermodynamic equilibrium being reached (Chang and Shih, 2005; Karimi et al., 2011; Kvamsdal et al., 2009; Oexmann et al., 2008; Plaza et al., 2010) . However, it should be noted that the lower temperature will decrease the CO 2 absorption rate. Reddy et al. (2004) presented two different absorption flash stripping process configurations with a flash unit between the absorber/stripper and the lean-rich heat exchanger, working at a higher absorption pressure condition than the normal stripping pressure. Jassim and Rochelle (2006) proposed two novel process, i.e., absorption/stripping with vapor recompression and multipressure stripping with vapor recompression, which resulted in 3-11% reduction of total equivalent work compared to a simple stripper column. A modified split flow scheme with key feature of one division of rich-solution from the absorber and the other division of solution from stripper at the midpoint and bottom has been modeled by Aroonwilas and Veawab (2007) . Oyenekan and Rochelle (2007) have developed a flashing feed stripper that is optimized to minimize equivalent work by adjusting the split ratio of the rich streams into the middle and upper sections. Also, a new configuration of the matrix stripper (295/160 kPa) has been simulated by Oyenekan and Rochelle (2007) using Aspen plus. Their studies found the total equivalent work of the matrix stripper with reduction of by 8% in a comparison with the standard configuration. In addition, a modified matrix stripper configuration was evaluated technically and economically by Schach et al. (2010) , which allowed the cost of CO 2 -avoided and total required power to be reduced by 1.5% and 4.5%, respectively. Moreover, Liang (2010) proposed two innovative configurations of stripping with two-split feeds and one head heat exchanger and stripping with three-split feeds by reusing the heat of overhead vapor to take full advantage of its latent heat. Gao et al. (2014) developed a heat pump distillation with a split feed process with the main advantage of recovering the latent heat of the overhead vapor to heat the rich solution. Other more complex configurations were proposed by researchers to reduce energy requirement for CO 2 capture.
In recent years, many excellent authoritative reviews have been provided for optimization of standard process configurations (Chakma, 1997; Plasynski and Chen, 2000; Eide et al., 2005; Cousins et al., 2011; Le Moullec and Kanniche, 2011) . Eide et al. (2005) provided an overview of novel pre-combustion, post-combustion, and denitrogenation processes being investigated in Europe. Use of membrane contactors as an absorber was suggested for post combustion capture to reduce the size of the absorber column. Cousins et al. (2011) reviewed fifteen process configurations for chemicalbased CO 2 capture processes in scientific journals and, mostly, in patented literature. The potential flow sheet modifications with large improvements, such as the inter-stage temperature control, multi-pressure stripping, matrix stripping, multi-component column and heat integration concepts were discussed for gas processing industries and the capture of CO 2 from flue gases. However, further process modeling and experimental validation are required to evaluate the technical-cost potential of these modified process configurations. Le Moullec and Kanniche (2011) used Aspen Plus to simulate a number of MEA-CO 2 based process modifications and compared their performance in terms of efficiency penalty, leading to the conclusions as follows. In the CO 2 stripping operation, simple process modification with moderate vacuum pressure, lean solvent vapour compression, and staged feed of the stripper or the overhead stripper compression could allow a reduction of efficiency penalty by 4−8%. Also, the combination of individual modifications could result in a larger efficiency penalty reduction by 10-25%. However, results of these potential process modifications should be validated with pilot plant data before implementing in commercial applications.
Solvent management

Corrosion
A lot of useful information on corrosion behavior of most conventional amines used in CO 2 capture process has already been provided in the corrosion studies undertaken in the past. These corrosion studies were carried out mostly under a lab-scale environments and often included effects of typical CO 2 absorption parameters specifically temperature, amine concentration, CO 2 loading and flue gas oxygen concentration. To completely characterize corrosion within amine systems, a recent study completed corrosion measurements to show the effects of various types of flue gas constituents other than oxygen (O 2 ) on a common construction material, carbon steel 1020 (Wattanaphan et al., 2013 ). Flue gas compositions tested in this study included fly ash containing different compounds of chloride (Cl; i.e., NaCl, HCl, and FeCl 2 ) and sulfate (SO 4 ; i.e., Na 2 SO 4 , FeSO 4 ·7H 2 O, H 2 SO 4 ) and compounds derived from sulfur dioxide (SO 2 ; i.e., H 2 SO 3 ), sulfur trioxide (SO 3 ; i.e., H 2 SO 4 ), and nitrogen dioxide (NO 2 ; i.e., HNO 3 ). In brief, the conclusion was that the corrosion rate was found to be dependent on the concentration of NaCl and HCl. The opposite effect has been observed for FeCl 2 . The corrosion rate of systems containing all fly ash sulfate compounds has been found to increase with sulfate concentration. With this increase in concentration, the SO 2 and SO 3 -derived compounds have increased corrosion rate to a maximum before falling off to a minimum and leveling off. NO 2 has also shown an increase and level off trend in corrosion rate. Crucial information extracted from results based on this work is that the same chemical species (e.g., Cl and SO 4 ) always produce different corrosion effects if present as a different compound. This implies that the source of these corrosive species must first be identified so that corrosion in the amine plant can be accurately predicted.
Lab-scale corrosion measurement based on an electrochemical technique is still a popular method used to quickly assess corrosion tendency of new amine based solvents being developed to replace high energy consuming conventional solvents such as monoethanolamine. One recent work has used this technique to measure corrosion at the absorber temperature and CO 2 rich loading conditions of CSIRO-1, a proprietary 2-amino-2-methyl-1-propanol (AMP) and 3-piperidinemethanol (3-PM)-based solvent to compare with MEA and other blends consisting of AMP and piperazine (PZ) (Pearson et al., 2013) . The corrosion rate of this newly blended solvent has been found to be 6-7 times lower than conventional MEA and AMP/PZ blends possibly due to a limited concentration of proton (H + ) available in the reduction reaction on the cathodic side of the system. 30 wt% PZ, proposed as an alternative solvent for CO 2 capture, has also been evaluated to show its reduced corrosion rate compared to that of benchmark MEA (Zheng et al., 2014) . Based on scanning electron microscopy (SEM) and Xray diffractometric (XRD) analysis, a stable iron carbonate (FeCO 3 ) that formed quickly on the entire surface of corrosion specimen (carbon steel A106) exposed to CO 2 loaded 30 wt% PZ and has been found to be a protective layer on the metal, cutting down the corrosion rate. This finding has been suggested as a benefit in using PZ as a CO 2 capture solvent as opposed to conventional MEA, which does not possess this similar protective layer-forming property.
Another laboratory test using weight loss technique has been carried out to evaluate corrosion of 22 different amine structures exposed onto metal specimens in liquid amine and gaseous space in the corrosion cell (Martin et al., 2012) . It is not a surprise to have seen MEA, as one of the 6 amines tested, show a noticeably higher corrosion tendency on the test steel specimens especially in the liquid phase system. Again, this emphasizes the importance of special care required for MEA users who must have a proper corrosion control in place during the CO 2 absorption process. Corrosion problems generated by MEA can be properly managed.
Another work also tested corrosion of CO 2 loaded MEA as affected by O 2 , heat stable salts (HSS), temperature, and solvent flow rate using agitation. According to the work of Xiang et al. (2014) , corrosion in MEA/CO 2 systems of carbon steel was timedependant showing an initially higher rate before quickly dropping off to stabilize at a lower rate. This observed behavior was due to a FeCO 3 protective film formation detected by scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). Also with a similar test time, O 2 , HSSs, and flow rate all have shown to trigger noticeably higher corrosion rates compared to a system without these variables. Increase in temperature only has a slight effect on the corrosion rate as this limits availability of O 2 and CO 2 , important providers of oxidizing agents for corrosion processes. In an attempt to improve conventional solvents for a better CO 2 capture performance, MEA is often blended with other amine so that the mixture can have a higher CO 2 capture capacity yet consume less energy in the stripping process. Corrosion resistance is also another desired property that must be tested for prior to using mixtures on a commercial scale.
A blend of MEA and an amino acid salt, particularly sodium glycinate (SG), is known to have high CO 2 absorbing characteristics and has been studied as a means of increasing the amine's CO 2 equilibrium solubility (Mazinani et al., 2011 ). An electrochemical technique was performed in accordance with ASTM G5-94 corrosion testing procedure to also measure the corrosion tendency of the blend as a function of molar ratio of SG in the absence of CO 2 . The measurement of corrosion rates was carried out at 308 K using a potentiostat with 3 electrode systems of Ag/AgCl reference electrode, Pt counter electrode, and sample cell electrode attaching to a specimen. The results show an increasing trend of corrosion rate with an increase of SG molality in the mixture. The test could have possibly shown a higher corrosion tendency if CO 2 was also included during the measurement. In an amine solution, CO 2 once dissolved, will quickly form HCO 3 − and CO 2− 3 species known to induce more oxidation of iron (i.e., iron dissolution) which could be normally observed by an increase in cathodic current densities during electrochemical measurement (Nainar and Veawab, 2009 ). The increase in cathodic current densities due to CO 2 therefore results in an increase in corrosion rate. This shows precisely that other than the CO 2 pick-up capacity aspect, corrosion and other operational criteria must be taken into account when developing new amines for the CO 2 absorption process. No CO 2 plant will benefit fully from a solvent having only high CO 2 absorption capacity but being heavily corrosive.
It is clear that laboratory-based corrosion measurement can provide a well-controlled test environment essential for the systematic study of the corrosion effects of all CO 2 absorption parameters. However, equally important is measurement directly from a commercial/pilot-scale plants that must also be performed in order to show the true corrosive nature of the solvent while CO 2 is actually being captured in the process. Corrosion in 30 wt% MEA-based pilot plants, namely Dong Energy's Ebsjerg and TNO's Maasvlakte have recently been evaluated using weight loss technique with corrosion coupons-plant inspection and on-line monitoring using electrochemical probes. Based on this test campaign (De Vroey et al., 2013) , 6 corrosion coupons placed in different locations throughout the Ebsjerg plant and one electrochemical probe installed at the stripper liquid outlet of the Maasvlakte have produced consistent corrosion rate measurements that can be correlated well between the 2 plants. Based on the results, the corrosion rates on stainless and carbon steel measured from both plants would not be expected to affect the plants' structural integrity. However, there is a need for extra attention to some critical areas including the stripper sump, high temperature lean solvent pipe exposed to turbulent flow, reboiler, and reclaimer has been suggested. Results obtained from corrosion control and measurement of a high pressure natural gas treating processes can also be usefully applied to flue gas-based amine processes. For example, methyldiethanolamine (MDEA) is being used to treat the Iranian coast offshore natural gas stream containing 0.6% H 2 S and 2.5% CO 2 in which has been observed severe corrosion especially in the high temperature reboiler and rich amine stripper (Davoudi et al., 2014) . This work has indicated that heat stable salts (HSSs) generated by the reaction of MDEA and acids stronger than H 2 S and CO 2 as well as by oxidation of the amine itself are the major contributing factors to severe corrosion in the reboiler. The analysis has shown that weakly bound acids including formate and acetate can dissociate from the amine and evaporate in the higher temperature section of the reboiler. Condensation of these free acids probably follows and deposits onto a colder part of the reboiler, thereby corroding the metal. Prevention techniques to protect an amine plant construction materials from being corroded are still an on-going area of research and development. The use of chemical additives can be a simple, yet powerful, technique providing an instant effect in reducing corrosion in the amine-based absorption unit. Sodium thiosulfate, claimed to have low toxicity, has been evaluated for its corrosion prevention effect in an MEA based system (Srinivasan et al., 2013) . Electrochemical and weight loss techniques have been used to evaluate this compound in rich loaded 5 kmol/m 3 MEA, 80 • C, and the presence of contaminants. Short-term exposure of the inhibitor has shown that the compound has corrosion protection ability, with over 90% inhibition efficiency in all concentrations tested ranging from 250 to 10,000 ppm. However, the passive film known to protect the metal from being corroded has been found to become increasingly unstable in long-term testing of the same thiosulfate inhibitor resulting in an ineffective performance of the compound. The inhibition effectiveness however, is not affected significantly by chloride and formate heat stable salts.
Other research has explored the use of room temperature ionic liquids (RTILs) as a potential corrosion inhibitor in an aminebased system (Hasib-ur-Rahman and Larachi, 2013) . This work electrochemically measured corrosion of a carbon steel specimen in 30 wt% MEA containing 10-30 wt% of 4 different imidazoliumbased RTILs. Most RTILs have been found to reduce the specimen's corrosion rate in a MEA only system with acetate-based compounds being the most effective corrosion inhibitor in this study. Increased viscosity of MEA caused by the acetate compound has been suggested as a responsible factor of the reduced corrosion rate as this limits the diffusion of oxidizing agents in the corrosion process. Although, these chemical additives have shown potential in prevention of corrosion when used in the amine system, some corrosion additives tend to induce other operational problems. For example, based on our previous work (Bello and Idem, 2006) , we have demonstrated that a well-known, a corrosion inhibitor, sodium metavanadate (NaVO 3 ) increases MEA degradation by accelerating its reaction rate.
For future development, newly formulated inhibitors will have to be tested to make sure their use does not induce other side effects in the amine plant such as degradation and foaming. Side effects of these inhibitors developed in future research must also be taken into account and included as part of the study.
Solvent stability issues
Degradation of amine is still one of the most active research areas within the CO 2 absorption process. Degradation research presented up to 2011 was heavily focused on chemical breakdown of amine affected by various CO 2 capture parameters (e.g., amine type and concentration, flue gas composition, and metal contamination) and kinetics related to those effects as highlighted already in our previous review paper . However, the current research focus is being shifted toward mechanistic studies of amine degradation. One motivation behind this change is probably to gain better knowledge and understanding of solvent stability chemistry, which is required to help develop a highly degradation resistant amine. Therefore, a systematic mechanistic study is required to achieve this goal. An equally important push also stems directly from an increased concern for environment and human health, which potentially can be jeopardized by toxic emissions from amine degradation. A series of papers has been dedicated to the degradation work highlighting details of formation mechanism and toxicity of degradation products either previously or newly identified in monoethanolamine (MEA) solution. The first paper in the series (Gouedard et al., 2012) critically reviewed amine degradation products and how they were formed in various solvents which included MEA, diethanolamine (DEA), methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol (AMP), piperazine (PZ), and blended amines.
Proven mechanism work on degradation products plus SO x and NO x induced degradation have been identified as an area requiring further investigation. The second publication in the same series has highlighted the work on toxicity evaluation and formation mechanism based on a combination of condensation, dehydration, and oxidation of aldehydes of pyrazine and its derivatives claimed as newly found MEA degradation products (Rey et al., 2013) . Mechanism studies of more MEA-based degradation products in the group of amides and nitrogen-based heterocyclic compounds have been added to the work in this research program (Gouedard et al., 2014) . It is clear from this recent work that even MEA still requires more study to fully understand its degradation chemistry and required for evaluation of the amine toxicity from emissions. Less studied amines also require similar research investigation as they may also be used to capture CO 2 in the future. Thus, degradation behavior, especially in aspect of how it occurs, and related toxicity must be well understood before the amines are used commercially to ensure zero or the least negative impact on humans and the environment. 2-Methyl-2-amino-1-propanol (AMP) well known for its enhanced equilibrium CO 2 loading property, has been found to be the least degraded in the presence of oxygen (O 2 ) compared to other solvent systems, which were PZ, MEA, MDEA, and blended MDEA and PZ (Voice et al., 2013) . A more systematic study has shown a significant effect of O 2 and CO 2 under thermal degradation conditions for AMP and other amines including MEA and PZ. Based on this study (Bougie and Iliuta, 2014) , the degradation extent of AMP in the presence of O 2 only was much higher than that of MEA. AMP loss due to oxidation significantly cut down when CO 2 was added into the system, in which case, this would better represent a real condition during the CO 2 capture process. This specific result also implies that control of oxidative degradation of this amine can be partially achieved by properly adjusting its rich and lean CO 2 loading. This same strategy, discussed in our earlier publications, can be potentially adopted and used in a commercial capture plant. In terms of degradation mechanisms, the radical-based pathway of AMP oxidation, modified from a previous work, has been proposed based on the formation of products identified during the oxidation experiment (Wang and Jens, 2013) . This mechanism has helped in further investigation of the same study to understand the role of MEA in protecting AMP from oxidative degradation when the amines are used together as a blended solvent. This mechanism work has been continued to account for formation of carboxylic acids identified in MEA, AMP, 2-amino-1-propanol (APN), and 2-amino-1-butanol (ABN) during the test (Wang and Jens, 2014) . The mechanism of oxidation proposed for these amines was based on radical formation leading to generation of formate, acetate, glycolate, oxalate, and pyruvate. Other solvents investigated quite extensively in term of oxidative degradation are MDEA and PZ which are often mixed together or with MEA to improve the CO 2 absorption capacity and regeneration efficiency of the capture solvent. A study reviewed earlier (Voice et al., 2013) has also shown the degradation extent of MDEA and its blend with PZ are among the highest of all amines investigated in this work. However, PZ was less susceptible to oxidation than the 2 previous amines, showing much lower amine loss measured by production of formate, a significant degradation product. The difference in second heteroatom (i.e., O, C, and N) ring sizes in both monoamine and diamine, and methyl substitution on the PZ ring have been evaluated to understand thermal degradation resistance of PZ and its derivatives (Freeman and Rochelle, 2011) . In terms of degradation resistance measured particularly in this study by the fraction of initial amine vs. time, PZ has was one of the 3 most stable amines tested, probably due to its 6 membered-ring structure with no substitution group.
As mentioned earlier, emissions generated by degradation of amine can be potentially toxic and harmful to humans and the environment. The toxicity can possibly lead to serious injuries or even death. For example, a recent study has shown potential health risk if exposed to degraded MEA, MDEA, and PZ by inhalation with only MEA showing a significant increase of inflammation of cells in the lungs of laboratory mice when compared to a non-degraded sample (Rohr et al., 2013) . This foreseen consequence has set a trend in future degradation research that should also add the emissions and toxicity aspect as another important objective to the study of degradation. More recent literature dealing with the emissions and their related toxicity generated by amine degradation have become available. Most of these studies are being focused on formation and harmful effects of nitrosamines and nitramines known as potential carcinogenic compounds. A study has tested initial the potential of MEA, AMP, MDEA, and PZ to generate nitrosamines in a laboratory with mixtures of nitric oxide (NO) and nitrogen dioxide (NO 2 ) and later on measured nitrosamines formation of these solvents from actual pilot plant samples (Dai et al., 2012) . The laboratory results have shown the highest total nitrosamine formation in PZ, a secondary amine known to form the most stable nitrosamine, followed by AMP and MDEA with MEA containing the lowest total nitrosamine accumulation in the solvent. A similar trend has been observed in pilot plant sample analysis in both solvent and wash water with a mixed AMP/PZ system having higher total nitrosamine concentration than that of MEA alone. Further investigation has been carried out to confirm the effect of different chemical structures of amines in forming N-nitrosamines (Dai and Mitch, 2013) . Total N-nitrosamines have been identified as the dominant products in all amine groups with secondary amines generating the most total N-nitrosamines, followed by tertiary amines and primary amines respectively. This trend has been observed under both absorption and desorption conditions. Not only do different amine structures induce different levels of nitrosamine formation, but also, flue gas composition, especially NO x and O 2 , can certainly trigger additional formation of nitrosamines. To study this effect of flue gas composition, a study has been conducted using morpholine, a secondary amine, to evaluate its potential in the formation of nitrosamines with a lab-made flue gas containing varying concentration of NO, NO 2 , O 2 , CO 2 , N 2 , and H 2 O vapor (Dai and Mitch, 2014) . In the presence of O 2 , both NO and NO 2 have linearly increased the formation of N-nitrosomorpholine in both solvent and wash water used to clean the treated gas before leaving the absorber column. The same study has also identified potential nitrosating agents which include nitrite, N 2 O 4 , NO 2 , and N 2 O 3 . NO has been seen as a non-significant nitrosating agent by itself, however, its reaction with its oxidizing product itself forming N 2 O 3 can generate N-nitrosomorpholine as seen from the accumulation of this product in wash water sample. The health effects of nitrosamines and nitramines have been recently published. This study quantitatively evaluated 11 nitrosamines and nitramines associated with CO 2 capture processes on their effect on hamsters in terms of mutagenicity, chronic cytotoxicity and acute genotoxicity (Wagner et al., 2014) . Mutagenic potency evaluation of these toxic compounds has shown N-nitrosamines to be 15 times more mutagenic than N-nitramine analogs. Studies related to kinetics and mechanism of amine degradation leading to nitrosamine formation and decomposition to help prevent a spread of compound toxicity are still limited. Probably, this is due to nitrosamines often being formed in such a small concentrations that it prevents detection and accurate measurement of them in pilot plant. However, a study recently published has managed to investigate the decomposition of nitrosamines specifically of those formed from PZ and MEA. Based on this study of decomposition kinetics under basic and stripper temperature conditions of PZ, Fine et al. (2014) derived N-nitrosopiperazine (MNPZ) and nitrosodiethanolamine (NDELA), and nitroso-(2-hydroxyethyl) glycine (NHeGly) from their pilot plant samples. Kinetically, MNPZ has been found experimentally to decompose a lot faster in basic medium using NaOH than in PZ solution. NDELA and NHeGly on the other hand, have been too stable to degrade at a typical stripper temperature of 120 • C. Incorporation of basic treatment (e.g., NaOH) in the reclaimer has been suggested as a remedy to help decompose these MEA derived nitrosamines more effectively and, thus control of the emissions can be managed.
It is clear from these recent studies that amine degradation and its related emissions are still being investigated extensively. As mentioned earlier, the focus of degradation research can no longer be placed solely on the development of an amine to be more resistant to chemical breakdown while capturing CO 2 . The environmental aspect generated by degradation products in terms of emissions and their prevention strategies must also be included as one of the objectives of any study. This is setting a new research direction into degradation studies, which can be expected to include more work in the future.
Solvent recycling and reclaiming
In post-combustion amine-based CO 2 capture processes using reactive solvents, it is expected, in principle, that the solvent will be chemically stable in order to achieve a stable CO 2 capture operation. In reality, reactive solvents do degrade because of impurities in the flue gas of a fossil fuel-fired power plant (e.g., O 2 , NO x and SO x ) and/or severe operating conditions of the CO 2 capture plant. Thus, all amine solvents including singles and blends are subject to degradation-producing products such as heat stable salts (HSSs) (Astarita et al., 1983; Wilson et al., 2004) . For these reasons and to make the process both economically feasible and cost effective, as well as to minimize the overall plant energy consumption while maintaining solvent stability, appropriate reactive amines must be selected. Two of the criteria to select an appropriate solvent are: (i) minimum solvent degradation and (ii) ease to in which the solvent can be reclaimed or recycled.
Following our categorization Supap et al., 2011; Tontiwachwuthikul et al., 2011) , carboxylic acid degradation products once generated, can quickly tie up with additional molecule of amine forming a type of compound call heat stable salts (HSSs). Definitions of HSSs in the literature vary considerably; however, HSSs can be considered as the salts formed by the reaction of amine and its acidic degradation products and impurities (e.g., organic acids and HCl) which cannot be regenerated under normal stripper conditions Supap et al., 2011) . A sub-category of HSSs is the portion that can form from the reaction with an amine which is called heat stable amine salt (HSAS). Therefore, if there are no strong cations in the amine solution, HSASs are the same as HSSs. HSS anions formed could include acetate, formate, thiosulfate, sulfate, thiocyanate, oxalate, butyrate, and propionates. Other HSS anions introduced to the amine process from water make-up or flue gas are chlorides, phosphates, cyanides, and nitrates (Cummings and Mecum, 2000; Tontiwachwuthikul and Idem, 2013; Supap et al., 2011) . According to the literature (Bacon, 1987; Tontiwachwuthikul and Idem, 2013; Supap et al., 2011 ) the recommended HSS level in amine should be less than 10% of the amine concentration (e.g., 30 wt% MEA should contain a maximum of 3% HSSs) but 3% should be controlled to avoid operational problems. Further details of HSSs and their formation paths are reported extensively in the literature Supap et al., 2011) . Operational problems triggered by the presence of HSSs and other amine degradation products include reduction in solvent capacity and plant throughput, change of water balance and physical/chemical properties of a solvent, high viscosity causing reduced mass transfer and increased pumping power, increase of foaming tendency and decrease of contact surface between gas and liquid, increase of solvent corrosiveness which affects process equipment, fouls and plugs heat exchangers and mass transfer equipment, increases energy/heating steam consumption, and increases the cooling duty (i.e., cooling water) Tontiwachwuthikul and Idem, 2013) .
In order to ensure a stable operation, these problems must be addressed and solvent degradation should be controlled. The solutions are generally categorized into solvent degradation prevention methods, and recycling and reclaiming methods, the latter of which are needed if degradation has already occurred. This section of the paper reviews the progress made in solvent degradation prevention, and solvent recycling and reclaiming methods since 2004.
Solvent cleaning, degradation prevention, recycling and reclaiming methods
Solvent cleaning and degradation prevention methods can be done in several ways which can be found in great details in our previous publications (ElMoudir, 2012; ElMoudir et al., 2012) . In brief, purification of solvent to maintain its quality and absorption capacity should include clean-up of the solvent. In the past, only solvent change-over, solvent purging/feeding, mechanical filtration, activated carbon filtration, and neutralization of organic/inorganic acids were used heavily decades ago. Use of chemical additives to cut down degradation can also help reduce work load of the solvent purification process. Various degradation inhibitors have been proposed over the past years (Idem et al., 2009b; Saxton and Rochelle, 2009; Lee et al., 2013; Leonard et al., 2014) . Therefore, the capture process using different amines can pick and choose inhibitors appropriate for the solvents.
A summary of more advanced approaches developed for amine reclaiming process can also be found in our previous publications According to ElMoudir et al. (2012), ion exchange based on separation of charged compounds can remove HSSs (e.g., formate, acetate, glycolate, and oxalate) quite effectively. Electrodialysis using ion-selective membrane under the influence of appropriate current and voltage can also be used as well to separate HSSs. Thermal reclaiming techniques often requiring a large amount of energy input due to boiling-point based separation of compounds is also available for amine recovery. This technique in fact, is one of the oldest techniques used conventionally for the capture plant. However, the technique can be potentially be replaced by a less energy intensive techniques where extraction can be done under atmospheric pressure and lean-amine temperatures. Such extraction methods specifically developed for HSSs removal from MEA based solvent has been demonstrated by researchers from the University of Regina, Canada . Other techniques using hybrid reclaiming process and chemical conversion of degradation products to the amines are also available. However, it is rare to see improvement/new development of these techniques in the past 5-10 years in the open literature (ElMoudir, 2012).
Future perspective for the reclamation industry
The future trends for amine reclamation will likely take three paths: (1) improving the current technologies, (2) process integration between the current technologies, and (3) introducing new methods for reclamation. Regardless of method types and operations, the techniques used must be able to handle newly developed and complicated formulated solvents. Also, the techniques should be readily available to help improve solvent quality and recovery and process heat integration. In addition, they should be simple and should reduce the solvent loss in waste, the chemical consumption, and the capital and operational costs. Furthermore, overall wastewater quantity must be reduced, as these could also contain traces of amine. High levels of amine in wastewater could overload the wastewater treatment plant by killing the microbes in the system (Cummings and Mecum, 2000) .
In summary, there are a number new innovations regarding solvent management of the post-combustion capture process. These are some of the highlights:
i. Solvent degradation inhibition seems to be one method of protecting solvent and will see more application in the future with development of new inhibitors. ii. Ion exchange and electro dialysis purification could be utilized to reduce heat stable salts and some other degradation products. However, these technologies are not suitable for removal of some of the other degradation products, and this would make it challenging for these processes to be integrated into a CO 2 capture plant. iii. At present, thermal reclamation is the only technology that can remove all degradation products, heat stable salts, and non-volatile impurities (i.e., fine solid particles, corrosion products, and salts). Therefore, thermal reclamation is likely the most attractive purification option for CO 2 capture plants. However, not much has been reported about improvements to this method. iv. Extraction can be applied to effectively separate HSSs and neutral degradation products from amine using proper extractant and diluent combinations with extraction conditions as demonstrated in the University of Regina's patented work . v. Effective degradation inhibitors such as those developed by ITC can protect up to 98% of amine from being degraded, thereby reducing reclaimer load in CO 2 capture operations. vi. Combined reclamation processes have seen steady growth; however, they are only applicable in certain cases. vii. Many solvent reclamation technologies are under improvement/development with the aim of enhancing the process technology's key performance parameters such as solvent recovery and utility consumption reduction, and efforts are also being made to develop simple and easy to operate processes.
Post build operations
As mentioned previously, post-combustion carbon capture (PCC) is currently the only industrial carbon emission management technology that is ready for commercialization and wide-scale deployment. Two leading examples are the TMC Mongstad in Norway (300,000 tonnes per year CO 2 captured) and BD3 SaskPower in Canada (1 million tonnes per year CO 2 captured). As anticipated, these large-scale carbon capture units are starting to generate huge amounts of operational process data. These huge amounts of data sets can be very fruitfully utilized, using technologies of information and artificial intelligence, which have been widely acknowledged to be capable of generating knowledge useful for enhancing efficiencies of many industrial processes in the past. This can be true also in the field of carbon capture .
This section presents two studies that focus specifically on applications of information and artificial intelligence technologies for supporting two tasks related to operation of the post-combustion CO 2 capture system. First, the knowledge-based system technology was applied for building two expert systems that perform monitoring, control, and diagnosis of the CO 2 capture process system (Zhou et al., 2009b Chan et al., 2012) . Secondly, three data modeling techniques were applied for studying the nature of relationships among the key parameters of the post-combustion CO 2 capture process system (Zhou et al., 2008 (Zhou et al., , 2009a (Zhou et al., , 2013 Wu and Chan, 2009; Wu et al., 2010; Chan et al., 2011) . 5.1. Expert systems for monitoring, control, and diagnosis of the CO 2 capture process system
In the first application study, the research objective is to enhance efficiency and effectiveness in monitoring and control of the post-combustion CO 2 capture process system using the knowledge-based system technology. CO 2 capture is a process of complex physical and chemical phenomena that involves a large number of process variables such as pressure, flow, and temperature. When a fault is detected in the process system, the operator needs to identify and interpret the symptoms, analyze the current state, and determine the diagnosis in terms of which component(s) may have caused the fault and identify the cause for the failure of the component(s). If the abnormal condition cannot be remedied in a short time, instabilities in the process system will decrease efficiency of the CO 2 capture system and may even cause hazardous emergencies. Application of a knowledge-based expert system for monitoring, control and diagnosis of the CO 2 capture plant can be a promising approach to address these problems. By incorporating the knowledge of an experienced operator, the expert system can perform fault diagnosis and provide suggestions for remedial actions in a timely manner. This would result in reduction in downtime, avoidance of system instability, and consequently, improved efficiency of the CO 2 capture process system. Two prototype expert systems were developed for monitoring and control of the CO 2 capture process system at ITC located at University of Regina in Saskatchewan, Canada. The first system is the Carbon Dioxide Capture Monitoring and Diagnostic (CDCMD) System implemented on the intelligent real-time system development tool of G2 ® (trademark of Gensym Corp., USA). The second system is called Knowledge-Based System for Carbon Dioxide Capture (KBSCDC), which was developed on DeltaV TM Simulate (trademark of Emerson Corp., USA). Acquisition and analysis of knowledge related to the post-combustion CO 2 capture process system is critical in development of the expert systems. The Inferential Modeling Technique (IMT) was adopted to guide the conceptual modeling process, and a classification of the elicited knowledge about this complicated process system was completed by Zhou et al. (2009) .
The objective of the CDCMD system was to monitor and control the key parameter of heat duty and operation of the heat-related reaction instruments while maintaining the desired CO 2 production rate at the plant. The knowledge of the reaction instruments and parameters were represented using the object-oriented entities of class hierarchy, rules, and procedures provided in the G 2 platform. The CDCMD system adopts a backward chaining mechanism for fault diagnosis, and continuously compares the measured real-time values with normal values of the parameters. When the system detects an overly low CO 2 production rate, it searches for the possible cause for this malfunction using the backward chaining inference method until a faulty component is identified. However, the CDCMD system has two limitations: (i) its knowledge base does not include the dynamic components, which include the substances circulating and reacting in the process system, and (ii) it only focuses on the parameters and reaction instruments associated with heat duty. Due to these limitations, the second expert system of KBSCDC, which has an extended knowledge base, was developed.
The knowledge base of the KBSCDC system includes more comprehensive and systematic information about the post-combustion CO 2 capture process system compared to the knowledge base of the CDCMD. Specifically, knowledge related to three additional aspects of the CO 2 capture process system are included in the KBSCDC system: (i) information about the dynamic objects of the process system, which include the fluids and gases, (ii) instead of focusing only on the parameter of heat duty, 25 important parameters belonging to 9 reaction instruments of the system are monitored, and (iii) the task knowledge related to how these 25 parameters can be controlled under normal and abnormal operational conditions is also incorporated.
The KBSCDC was implemented in the DeltaV Simulate platform. Based on the representational constructs of the platform, the knowledge was decomposed into logical modules, which included both plant areas and control modules that are integrated with control utilities and algorithms. The KBSCDC system monitors the operating conditions of the CO 2 capture pilot plant by continuously comparing the sensor-measured values of the 25 parameters with their normal values. When the system detects any deviation between the two sets of values, an alarm is activated to advise the operator that an abnormal condition has occurred. The KBSDC system performs the diagnosis, and the suggested remedial control action for the particular abnormal condition is displayed on the system interface. Upon receiving the message, the operator can apply the suggested control action by opening the faceplate of the faulty component. By correcting the abnormal condition, normal system operation is restored.
Both the CMCMD and KBSCDC systems support automatic monitoring and fault diagnosis of the post-combustion CO 2 capture process system, but the KBSCDC system consists of more comprehensive domain knowledge and problem-solving strategies. It also supports configuration of process control logic and simulation of the implemented control strategies. The primary differences between the CDCMD and KBSCDC systems are summarized in Table 5 .1.
Development of the two prototype expert systems for monitoring, control and diagnosis of the CO 2 capture process system at ITC demonstrates the feasibility of applying expert system technology for automated decision support for the CO 2 capture process system. The expert systems can efficiently detect and provide remedial suggestions for abnormal conditions. In providing decision support to the operator in monitoring, control, and diagnosis of the CO 2 capture system, the expert systems help reduce downtime and enhance system performance and efficiency. The expert systems can also be used as educational tools that support training of inexperienced operators of the plant.
Intelligent data analysis for the CO 2 capture process system
The second study on applications of data modeling techniques to the operational data of the post-combustion carbon dioxide capture process system has the objective of achieving a good understanding of the relationships among the key parameters of the process system. This understanding can help the operator to: (i) better analyze the current conditions of the process system, (ii) support his or her assessment of the underlying trends or events in plant operations, and (iii) take prompt and effective control actions that modify the relevant process parameters when the plant is not functioning efficiently. Hence, an additional objective of the study was to develop correlation models among the significant process parameters that influence performance of the CO 2 capture process system. In the process of generating the correlation models, better understanding of the relationships among the process parameters can be obtained.
The data for the study were collected over three years (2003) (2004) (2005) (2006) ) from the amine-based post combustion CO 2 capture process system at the University of Regina located in Regina, Saskatchewan, Canada. Pre-processing of the dataset involves removing three types of data from the dataset so as to enhance accuracy and reliability of the developed models. Firstly, the data collected during short time frames of about half an hour were removed because they cannot reflect the changing trend of the plant operations. Secondly, if the plant operations were not stable in the morning and during the last hour before shutdown, the operational data during these time periods were considered unreliable and removed. Thirdly, the data which exhibited abrupt and erratic changes indicated abnormal performance of the system and were removed. A further step in preprocessing involved examining the data to ensure they covered the entire operating ranges of the input and output process parameters; this step was necessary because the data critically determine quality of the developed models.
The input and output parameters in the correlation relationships were selected based on extensive literature review and opinions of the expert operator of the CO 2 capture plant at the University of Regina. The four output parameters used for evaluating efficiency and performance of the CO 2 capture pilot plant were defined as: (i) reboiler heat duty, (ii) CO 2 production rate, (iii) CO 2 absorption efficiency, and (iv) lean loading. Eight parameters identified to have significant influence on these four output variables were defined as input variables, and they include: (i) mass flow of CO 2 in the flue gas, (ii) CO 2 concentration in flue gas, (iii) off gas flow rate, (iv) amine circulation rate, (v) reboiler pressure, (vi) pressure of steam through reboiler, (vii) steam flow rate through reboiler, and (viii) amine concentration.
To develop the relationships that correlate the input and output variables, the three data modeling techniques of statistical regression analysis, artificial neural network (ANN) modeling combined with sensitivity analysis (SA), and adaptive network-based fuzzy inference system (ANFIS) modeling were sequentially applied to the set of operational data. The application process is illustrated in Fig. 5.1 . This sequential modeling process was adopted with the motivation that each subsequent method was applied in an attempt to address the weaknesses of the previous method. Applications of the three data modeling methods are presented as follows.
The statistical regression analysis method was implemented on the Statistical Package of Social Sciences or SPSS ® (trademark of SPSS Inc., USA). The modeling process involved the steps of: (i) correlation analysis, (ii) linear regression, (iii) curve estimation, and (iv) model assessment. These steps are shown in Fig. 5 .2. Three linear models were developed for predicting the output variables of heat duty, CO 2 production rate, and lean loading, and a cubic power function was formulated for forecasting absorption efficiency. The developed models were evaluated based on the coefficient of determination (R 2 ), which measures the amount of variation in the output variable that is accounted for by the developed model. In other words, R 2 measures how well the regression model performs in predicting the target output parameter. It was observed that the values of R 2 for the four models ranged between 70% and 90%.
It can be observed that the statistical regression analysis approach has several weaknesses. First, a R 2 value of between 70% and 90% is not good enough, and this can be due to the fact that the set of input variables was inadequate. Since the set was initially selected based on expert opinion, it is possible that some important input variables were excluded. Secondly, the SPSS package supports only a limited number of non-linear functions, which may not adequately describe the modeled relationships. Thirdly, the statistical regression approach requires that some multi-linear variables cannot be used simultaneously in one model even though they have significant correlation with the output variable. The partial inclusion of important input variables possibly decreased the accuracy of the developed model. To address these weaknesses, the ANN method combined with sensitivity analysis was adopted for modeling the data. The ANN modeling process began with initial models for each output variable that included all eight input variables, and each model was implemented using a three-layered feed-forward backpropagation neural network constructed using Weka TM version 3.4.12 (Trademark of Weka). Then, sensitivity analysis was conducted to determine the relative significance of each input variable for a specific output variable, and the less significant input variables were eliminated. As a result, only the significant input variables remained to form the refined input variable set for each output variable. The second round of ANN modeling involved using only the refined set of input variables for each output variable, and the process yielded predictive models for the four output variables.
These ANN models have predictive accuracies of between 85% and 99%, which represented superior results compared to the statistical regression analysis method. However, while the ANN approach generated good predictive models, they provided only black-box models that do not describe or shed light on the nature of the relationships among the process parameters. Since one of the research objectives was to generate a better understanding of the relationships among the process parameters, this weakness meant that the ANN approach is not satisfactory. Therefore, the ANFIS modeling approach was adopted.
The ANFIS technique was applied to the refined sets of input variables generated in the ANN modeling process, and the implementation tool adopted was the Neuro-Fuzzy Toolbox in MATLAB (Trademark of MATLAB, USA). A fuzzy inference system, which included tuned membership functions of the input variables and a fuzzy rule set, was developed for each output variable. The fuzzy inference systems generated from the ANFIS modeling process were tested, and the predictive accuracy of the ANFIS model was measured using the mean absolute percentage error. The results showed the predictive accuracies of the ANFIS-developed models ranged between 92% and 96%, that is on average the highest compared to the models developed with the other two methods of statistical regression analysis and ANN.
This investigation on modeling the data from the postcombustion CO 2 capture process system produced two main contributions to the research field of CO 2 capture process systems. It completed a comprehensive exploration of the process parameters involved in the system and has generated a reliable set of input parameters for measuring performance of the CO 2 capture process system. Moreover, the fuzzy inference systems generated by the ANFIS technique constitute a knowledge base, which is potentially useful for future studies of the post-combustion CO 2 capture process system. For more detailed information about Section 5 (on applications of information and artificial intelligence technologies for supporting two tasks related to operation of the post-combustion CO 2 capture system), please consults the references mentioned above at the beginning of the section and/or the listed here Zhou et al., 2012 and Chapters 9 and 10 in Tontiwachwuthikul and .
Conclusion and outlook
There has been significant progress and new discoveries over the past 10 years on the development of amine-base solvents for the post-combustion carbon capture (PCC) technology, as detailed in the above sections. As is well known, the solvent selected for use in the process is the most important element in any capture process plant. In summary, parts of these new knowledge discoveries have been starting to move from the laboratory scale into pilot plant testing stages, followed by commercial demonstration. Some good examples are (i) the TMC Mongstad in Norway (300,000 tonnes per year CO 2 captured) and (ii) BD3 SaskPower in Canada (1 million tonnes per year CO 2 captured). A few more large-scale carbon capture facilities are being developed and/or planned as outlined in the recent proceedings of 12th International Conference on Greenhouse Gas Control Technologies (GHGT-12, Austin, USA in 2014). In addition, significant portions of recent information on the subject can be found on the IEA GHG website (www.ieaghg.org).
The main challenge of this technology is still -how to reduce the energy consumption. Fig. 6 .1 shows the plot of the energy requirement when we have to capture one tonne of CO 2 . As can be seen, we have come a long way from using single conventional amine (e.g., MEA) to capture CO 2 which uses a significant amount of energy, approximately 4.1 GJ per tonne of CO 2 captured (or 1.8 tonne steam per tonne CO 2 ) in the 1980s. The current commercial technologies indict that the energy requirement has reduced by more than 30% to approximately 2.6 GJ (or 1.2 tonne steam per tonne CO 2 removed). With development of new chemicals and use of them for specially mixed solvents, the energy requirement of PCC could be reduced further to 2.0 GJ (or approximately 1.0-0.8 tonne steam per tonne CO 2 captured). Very recent studies show this level of energy requirement could also be reduced further to around 1.1 GJ (∼0.6 tonne steam per tonne of CO 2 ) (Shi et al., 2014a) . These new developments are still at the laboratory scale, yet to be tested in the pilot plants and semi-commercial operations. It is expected that more detailed information and test results of the process energy requirement will be available in the near future. In addition, the issues related to post build operations such as corrosion, solvent degradation, solvent management, solvent emissions, process monitoring, and system-optimization are becoming important issues as more full-scale PCC plants are being operated. Specifically, how we can minimize the chemical emissions from the off-gas streams is of critical importance. In newer capture plants, a number of mixed solvents (up to 5-10 compounds) are also used. One of the main issues is how to keep the solvent compositions constant and the solvent highly effective over long time periods. Some of the developments in these areas were summarized in Sections 4 and 5. It is expected that more detailed information on the aforementioned issues and test results in large-scale as well as full-scale plants will be available in up-coming years (e.g., the 3rd IEA Post Combustion Capture Conference in Canada this year as well as the 13th International Conference on Greenhouse Gas Control Technologies, Switzerland in 2016). 
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